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DNA photolyases harvest light energy to repair genomic lesions induced by UV irradiation, whereas cryp-
tochromes, presumptive descendants of 6-4 DNA photolyases, have evolved in plants and animals as
blue-light photoreceptors that function exclusively in signal transduction. Orthologs of 6-4 photolyases
are predicted to exist in the genomes of some filamentous fungi, but their function is unknown. In this
study, we identified two putative photolyase-encoding genes in the maize foliar pathogen Cercospora
zeae-maydis: CPD1, an ortholog of cyclobutane pyrimidine dimer (CPD) photolyases described in other fil-
amentous fungi, and PHL1, a cryptochrome/6-4 photolyase-like gene. Strains disrupted in PHL1 (Aphil)
displayed abnormalities in development and secondary metabolism but were unaffected in their ability
to infect maize leaves. After exposure to lethal doses of UV light, conidia of Aphl1 strains were abolished
in photoreactivation and displayed reduced expression of CPD1, as well as RAD2 and RVB2, orthologs of
genes involved in nucleotide excision and chromatin remodeling during DNA damage repair. This study
presents the first characterization of a 6-4 photolyase ortholog in a filamentous fungus and provides evi-
dence that PHL1 regulates responses to UV irradiation.
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1. Introduction

As sessile organisms, fungi have developed highly effective
strategies to cope with a variety of harmful environmental condi-
tions, including excessive exposure to UV irradiation. UV light in-
duces chromosomal damage, such as the formation of
cyclobutane pyrimidine dimers (CPDs) and 6-4 pyrimidine-pyrim-
idone lesions (6-4 PPs) (Sinha and Hader, 2002), with the formation
of CPD lesions predominating over 6-4 PP lesions at a ratio of
approximately 10:1 (Douki and Cadet, 2001). UV-induced lesions
are repaired by DNA photoylases, specialized enzymes that bind
specifically to damaged DNA and harvest light energy to either
break the cyclobutane ring formed in CPD lesions or to reverse
the photoaddition of the C4 carbonyl of a thymine to the C5-C6
double bond of a neighboring pyrimidine in a 6-4 PP lesion (Weber,
2005). Two distinct classes of photolyases repair UV-induced le-
sions: the evolutionarily ancient CPD photolyases found in all tax-
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onomic kingdoms, and the 6-4 photolyases, found only in
multicellular Eukaryotes (Essen and Klar, 2006). Among plants
and animals, homologs of 6-4 photolyases have evolved to form
the cryptochrome family of blue-light photoreceptors, members
of which regulate a wide variety of biological processes in response
to light. Intriguingly, genes predicted to encode proteins homolo-
gous to 6-4 photolyases have been identified in the sequenced gen-
omes of several filamentous fungi. Because no photolyase/
cryptochrome-like gene has been characterized in fungi, it is un-
clear whether these genes function as DNA-repair enzymes or pho-
toreceptors in the Fungal kingdom.

The anamorphic fungal genus Cercospora is comprised of
numerous and diverse plant pathogens that affect important
crops throughout the world. Many species of Cercospora produce
the host non-specific phytotoxin cercosporin, a photosensitizing
perylenequinone whose biosynthesis and activation are induced
by visible light (Daub and Ehrenshaft, 2000). Recently, a cluster
of genes encoding the enzymes required for cercosporin biosyn-
thesis was identified and characterized (Chen et al., 2007), but
little is known at the molecular level about the regulation of
cercosporin biosynthesis by light. Presumably, the transcrip-
tional activation of genes involved in cercosporin biosynthesis
requires the function of a sensory protein such as a
photoreceptor.
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The focus of this study was to identify and characterize a cryp-
tochrome/6-4 photolyase-like gene in the maize foliar pathogen
Cercospora zeae-maydis. We cloned and disrupted PHLI, a gene
highly homologous to photolyase- and cryptochrome-encoding
genes from plants and animals. Disruption of PHL1 completely
abolished photoreactivation and impaired the expression of
CPD1, a second putative photolyase identified in this study, as well
as at least two other genes involved in DNA damage repair. Disrup-
tion of PHL1 caused abnormalities in development and secondary
metabolism, suggesting additional signaling functions for PHLI.
We hypothesize that the fungal family of photolyase/crypto-
chrome-like genes such as PHL1 have evolved regulatory functions
that distinguish them from 6-4 photolyases in higher plants and
animals.

2. Materials and methods
2.1. Fungal strains and growth conditions

Strain SCOH1-5 of Cercospora zeae-maydis was used as the wild
type in this study. Strains Aphl1-1 and Aphli-2 (disrupted in PHL1)
were constructed as described below. Strains WT-GUS and phl1-
GUS were constructed by transforming strains SCOH1-5 and strain
Aphl1-2, respectively, with plasmid pDB23, a vector constructed by
cloning a geneticin-resistance cassette from pKS-GEN (Bluhm et al.,
2008), into the EcoRI site of vector pPNOM102 (GenBank Accession
No. Z32701). To promote conidiation, strains were maintained on
V8 agar in constant darkness and transferred every 5 days. For
analyses of cercosporin biosynthesis, fungi were grown on 0.2x
potato dextrose agar (0.2x PDA; BD Biosciences, Sparks, MD). Tis-
sue for genomic DNA was collected from cultures grown in liquid
YEPD medium (0.5% yeast extract, 1.0% peptone, and 3% dextrose);
tissue for RNA extractions was prepared by inoculating conidial
suspensions onto cellophane membranes overlaid on either 0.2 x
PDA or V8-agar plates as described by Cooley et al., (2005). Light
was provided by two General Electric (GE) FAOCW-RS-MM (cool
white) bulbs 16 in. above the plates. Light intensity at the plates
was 15-17 pumol/m?/s as determined with a LiCor integrating spec-
trophotometer (model LI 188B). Experiments were monitored con-
tinuously to verify that exposure to light did not affect the
temperature of the plates.

2.2. Nucleic acid manipulations

Plasmids were purified with the Wizard Plus SV Minipreps DNA
purification system (Promega; Madison, WI). Fungal genomic DNA
was extracted by a modified CTAB protocol (Proctor et al., 1997),
and Southern analyses were performed following standard proto-
cols (Sambrook and Russell, 2001). RNA was extracted with Trizol
reagent (Invitrogen; Carlasbad, CA) and purified with an RNeasy
miniprep purification kit (Qiagen; Valencia, CA). For analyses of
gene expression, cDNA was generated with the Stratascript RT-
PCR system (Stratagene) using random primers as template. DNA
sequences were determined by the Purdue University Genomics
Center (West Lafayette, IN).

2.3. Identification of PHL1, CPD1, RAD2, and RVB1

To identify PHL1, degenerate PCR primers PHL1degF
(CKCATCTKGTRTTTGAGAAGGA) and PHL1degR (GTGCAGCTSAGC-
CAYTGCCAGTT) were designed by aligning amino acid and nucleo-
tide sequences of predicted genes from Magnaporthe grisea,
Fusarium graminearum, Aspergillus clavatus, and Ustilago maydis.
Genomic DNA of C zeae-maydis was amplified with primers
PHL1degF and PHL1degR to generate a 1.1-kb product that was

cloned into pGEM-T EZ (Promega) and sequenced. The remainder
of the gene, designated PHL1, was obtained by genome-walker
PCR (Clontech; Mountain View, CA). To walk upstream from the
product obtained by degenerate PCR, we amplified genome-walker
libraries first with primers phl5p1 (AGCTTCGCCGGCCATGTGCATG
ACCT) and phl5p2 (CACGAGCATAAGCGTCCGTGTCCTT) to obtain
914 bp of the gene followed by amplification with primers phl15p3
(TACAACAAGGCCTCCCAACGCACGG) and phl15p4 (ATGCGAT
GCGATGCGCTGCTGCCGAT) to obtain 385 bp of the gene. Walking
downstream from the original 1.1-kb product was accomplished
first by amplifying libraries with primers phl3p1 (AGCACTA
GGCTGGCAATTCGGCCAAA) and phl3p2 (CTTCATCCCCTGG
CACCTCCCTTCCAA) to obtain 684 bp of PHL1 followed by amplifi-
cation with primers phl3p3 (TGATGGTGATGGGTCGGAGACGAAG)
and phl3p4 (GGATGGATTGGCGTTGTATCCGAAA) to obtain
1275 bp of the gene. In total, we sequenced 3895 bp of the PHL1 lo-
cus, including the entire open reading frame of PHL1, 837-bp up-
stream from the putative start codon, and 870-bp downstream
from the putative stop codon. The entire sequence of the PHL1 lo-
cus was deposited in GenBank (Accession No. EU443730).

To identify CPD1, degenerate PCR primers CPDdegF
(GAASTNGCMTGGCGRGARTTTTAC) and CPDdegR (ATCATRCGN
AGNCGGTTGTGCAT) were designed by aligning amino acid se-
quences of CPD photolyases from Bipolaris oryzae (PHRI,
AB126091) and Neurospora crassa (phr; X58713) as well as pre-
dicted genes from Mycosphaerella graminicola, Magnaporthe grisea,
Fusarium graminearum, and Aspergillus clavatus. A 219-bp product
amplified from genomic DNA of C. zeae-maydis with primers
CPDdegF and CPDdegR was cloned into pGEM-T-EZ, sequenced,
and submitted to GenBank (Accession No. EU814871).

To identify orthologs of other genes involved in DNA repair, we
performed homology-based searches of proteins predicted to be
encoded by 27,551 ESTs generated from C. zeae-maydis (Bluhm
et al., unpublished). Cluster consensus sequence 496_1 (GenBank
Accession No. EU443731), a 903-bp sequence obtained by analyz-
ing three overlapping ESTs from two distinct clones, was highly
similar to RAD2 from Aspergillus clavatus (XM_001267902). Singlet
EST 466_0 (GenBank Accession No. EU443732), a 723-bp sequence,
was predicted to encode a protein highly similar to Ruv-B of Esch-
erichia coli (AAA24613).

2.4. Disruption of PHL1

For functional analysis of PHL1, we targeted the gene for disrup-
tion via single homologous recombination. To build the disruption
construct, 535 bp of the open reading frame was amplified with
primers PHL1F1 (GGCGAGATCGAAGAGCCTGTTG) and PHL1F2
(TTTGGCCGAATTGCCAGCCTA) and cloned into pGEM-T EZ to cre-
ate pDB68. Then, a Notl fragment from pDB68 was cloned into
pKS-HYG (Bluhm and Woloshuk, 2005) to create pDB71. For trans-
formation, a 2.0-kb product containing a 1.4-kb hygromycin-resis-
tance cassette and 535 bp of PHL1 sequence was amplified from
pDB71 with primers PHL1F1 and HYG-F (GATATTGAAGGA
GCATTTTTTGGGCT). Protoplasts of C. zeae-maydis were prepared
and transformed as described by Shim and Dunkle (2003). Hygro-
mycin-resistant colonies were screened by PCR with primers Al
(CATTTGGTGTTTGAGAAGGACACGGA) and H3 (CGGCAATTTCGAT-
GATGCAGCTTG) to identify two independent strains disrupted in
PHL1 (Aphl1-1 and Aphl1-2). For Southern analysis, genomic DNA
was probed with the hygromycin-resistance cassette from pKS-
HYG.

2.5. Quantification of cercosporin biosynthesis

Freshly harvested conidia of each strain were inoculated onto
0.2x PDA plates and incubated at 22 °C under either constant light
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or darkness. After 4 days of growth, plates were flooded with 5N
KOH (5ml) and incubated at room temperature for 30 min.
Cercosporin concentrations were determined by measuring the
Aygo of each extract with a Beckman DU-530 spectrophotometer
(Beckman Coulter; Fullerton, CA) and applying the extinction
coefficient of 23,300 (Yamazaki and Ogawa, 1972). Experiments
were repeated five times with similar results.

2.6. Analysis of gene expression

Expression of PHL1 (forward primer AGTTCTGGGATTGCTG
GACCGAAA, reverse primer TCTCGCCACCTTTATGAGGCGAA), CPD1
(forward primer CTCGAATAGAGCATCGTCGTATTCCC, reverse pri-
mer TGGCATGGCGGGAGTTTTACAAG), RAD2 (forward primer ACT
GGTCCATCATACTCGCTTCCT, reverse primer GATCAATTTC TCCA
TCCTCGTCAGCT), and RVB2 (forward primer AGACCTGGCCTGT
AGTCCAAG, reverse primer ACCATGGCTGCACCCATCA), was mea-
sured by quantitative PCR. Reactions were performed in an MXP-
3000 real-time PCR system (Stratagene; La Jolla, CA). Each reaction
contained 10 pl of QuantiTect SYBR®-green PCR Master mix (Qia-
gen), forward and reverse primers (500 nM of each), cDNA tem-
plate, and nuclease-free water to a final volume of 20 pl. PCR

B. oryzae AB126091
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cycling conditions were 10 min at 95 °C (1 cycle), 15 s at 95 °C fol-
lowed by 1 min at 60 °C (40 cycles), and a melting curve of 1 min at
95 °C followed by 30 s at 55 °C and a final ramp to 95 °C with con-
tinuous data collection (1 cycle) to test for primer dimers and non-
specific amplification. Expression of genes was measured in tripli-
cate. To normalize expression data, 18S rRNA (GenBank Accession
No. EU399178) was amplified with primers 18SrtF (CAGGC
CTTTGCTCGAATACATTAGCAT) and 18SrtR (GGATGCCCCCGAC
TATCCCTATTA). To verify that the efficiencies of the target and ref-
erence reactions were approximately equal, reactions were per-
formed using the primers for each gene or 18S rRNA with serial
dilutions of cDNA as template. After verifying that the efficiencies
of the primers were acceptable, expression levels were calculated
by the comparative C; method (Applied Biosystems) with 18S rRNA
as the endogenous reference for normalization. The experiment
was performed twice with similar results.

2.7. Determination of UV sensitivity and photoreactivation
For each strain, 5 pul of water containing 5000, 1000, 500, or 100

conidia were spotted onto V8-agar plates which were exposed to
UV light (10 mW/cm?) for 30 min. After irradiation, plates were
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Fig. 1. Unrooted phylogenetic tree comparing amino acid sequences from fungal cryptochrome/6-4 photolyase orthologs (red font), CRY-DASH crytochromes (orange font),
plant and animal cryptochromes (blue font), CRY-DASH cryptochromes (orange font), plant and animal 6-4 photolyases (lavender font), and CPD photolyases (green font).
Sequence alignments were performed with ClustalW (Larkin et al., 2007) and the tree was constructed with PHYLIP (Felsenstein, 2008).
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incubated for 3 days in either constant light as described above (to
promote photoreactivation) or constant darkness. For a control,
plates inoculated in an identical manner but without exposure to
UV were incubated for three days in either constant light or con-
stant darkness. In each experiment, at least two plates were eval-
uated for each treatment, and the experiment was repeated three
times with similar results.

2.8. Pathogenicity assays

Maize inbred B73, which is highly susceptible to infection by C.
zeae-maydis, was inoculated in a greenhouse when plants were at
the V5 stage of development (approximately 5 weeks after germi-
nation). Leaves were inoculated a suspension of 10° conidia/ml
(1 ml) applied with an atomizer attached to an air compressor.
Inoculated plants were incubated under opaque plastic bags for
5 days to promote symptom development. In each experiment, at
least three plants were inoculated with each strain. The pathoge-
nicity assays were performed five times with similar results.

3. Results

3.1. PHL1 of C. zeae-maydis encodes a protein homologous to 6-4
photolyases and cryptochromes

Genes encoding proteins highly similar to 6-4 photolyases and
cryptochromes are present in the sequenced genomes of several
filamentous fungi, including Fusarium graminearum, Magnaporthe
grisea, Aspergillus clavatus, Aspergillus niger, and Ustilago maydis.
To determine whether the genome of C. zeae-maydis contains an
orthologous gene, we performed PCR with degenerate primers de-
signed from highly conserved regions of the genes described above
which yielded a 1.1-kb product; the remainder of the gene (desig-
nated PHL1) was obtained by genome-walker PCR. A conceptual
translation of PHL1 yields a protein of 691 amino acids highly sim-
ilar to a group of proteins predicted from uncharacterized genes in
a variety of filamentous fungi (red font; Fig. 1). A phylogenetic
analysis of representative CPD photolyases, 6-4 photolyases, hu-
man and animal cryptochromes, and hypothetical proteins from
a variety of filamentous fungi indicates that the proteins encoded
by PHL1 and orthologs in other fungi appear to be more similar
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to plant and animal cryptochromes than 6-4 photolyases (Fig. 1).
We followed a similar PCR-based strategy to identify a CPD photo-
lyase, designated CPD1, in C. zeae-maydis. Because we obtained
only part of the open reading frame of CPD1, we could not include
it in the phylogenetic analysis, but homology-based searches indi-
cated high levels of similarity to other fungal CPD photolyases,
including phrl of Bipolaris oryzae and phr of Neurospora crassa
(data not shown).

PHL1 is predicted to contain an open reading frame of 2188 bp
interrupted by two short introns of 52- and 60-bp near the 5’ end
of the coding region (Fig. 2A). The region of the protein comprised
by amino acids 4-184 is highly homologous to the light-harvesting
cofactor domain of photolyases and cryptochromes (pfam 00875),
and the region of the protein comprised by amino acids 239-577 is
highly homologous to the FAD-binding domain of photolyases and
cryptochromes (pfam 03441). Among the proteins encoded by fun-
gal orthologs of PHL1, the C-termini (amino acids 578-691 for
phl1) are not highly conserved (Fig. 2B). One of the only shared
characteristics of this region is that the terminal residues fre-
quently comprise a basic, lysine-rich tail (Fig. 2B). An alignment
of fungal 6-4 photolyase-like proteins with cryptochromes and 6-
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Fig. 3. Expression of PHL1 is induced by light. Expression of PHL1 was measured by
qPCR in the wild-type strain 24, 48, 72, and 96 hr after inoculation onto 0.2x PDA
medium in constant light or darkness. For each time point, expression of PHL1 was
normalized to 18S rRNA and is expressed relative to expression in darkness. Error
bars represent the range as calculated by evaluating the expression 2% with
AAC; +s and AAC; — s, where s equals the standard deviation of the AAC, value.
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Fig. 2. PHL1 of C. zeae-maydis encodes a protein belonging to the cryptochrome/6-4 photolyase family. (A) The open reading frame of PHL1 is predicted to encode a protein of
641 amino acids with regions highly similar to the light-harvesting cofactor domain of photolyases and cryptochromes (hatched lines) and the FAD-binding domain of
photolyases and cryptochromes (shaded). At least two putative GATA-derived regulatory elements are present in the promoter of the gene (black rectangles). (B) Alignment of
the C-terminal region of the proteins encoded by PHLI, orthologous genes in other fungi, representative 6-4 photolyases, and representative cryptochromes.
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4 photolyases from Arabidopsis thaliana and Xenopus laevis fails to
distinguish the fungal proteins as belonging to one group or the
other (Fig. 2B), although plant and animal cryptochromes generally
lack the lysine-rich tail (data not shown). Although the function of
this tail, if any, is not known, lysine-rich C-terminal tails have been
implicated in mitogenic activities (Bernard-Pierrot et al., 2001) and
protein-protein interactions (Pollock et al., 2004) in other families
of proteins.

The regulation of gene expression by light occurs in fungi, at
least in part, through the presence of GATA-derived regulatory ele-
ments in the promoter regions of light-responsive genes (He and
Liu, 2005). Sequencing beyond the PHL1 locus revealed the pres-
ence of neighboring coding regions flanking the PHL1 open reading
frame (Fig. 2A), indicating that the core promoter of the PHL1 gene
contains at most 620 nucleotides. Consistent with PHL1 encoding a
protein involved in light signaling responses and/or UV-induced
DNA repair, at least two degenerate GATA sequences are present
within the PHL1 promoter (Fig. 2A).

3.2. Expression of PHL1 is induced by light concurrent with the onset of
cercosporin biosynthesis

In fungi, many CPD photolyases are transcriptionally regulated
in response to visible light (e.g. Alejandre-Duran et al., 2003;
Berrocal-Tito et al., 1999). However, expression of 6-4 photolyases
is believed to be constitutive in plants and animals (Waterworth
et al., 2002). We determined that the expression of PHL1 is strongly
induced by visible light irrespective of whether cultures were
grown on media that are conducive or suppressive for cercosporin
biosynthesis (Fig. 3). Furthermore, during growth on 0.2x PDA, a
medium that supports high levels of cercosporin biosynthesis,
expression of PHL1 increased immediately prior to the onset of
detectable cercosporin accumulation in the medium (Fig. 3). Con-
sistent with the presence of putative light-responsive elements in
the promoter of the gene, these results confirmed that expression
of PHL1 is induced by light and suggested a possible regulatory role
for PHL1 in cercosporin biosynthesis.

3.3. Disruption of PHL1 affects conidiation and cercosporin
biosynthesis

In order to characterize the role of PHL1 in fungal growth and
development, we targeted the gene for insertional disruption via
homologous recombination (Fig. 4A). Of 96 hygromycin-resistant
transformants screened by PCR, two tested positive for the inser-
tion of a hygromycin-resistance cassette into the open reading
frame of PHL1 (Fig. 4B). Further analysis of the two independent
mutants indicated that the disruption of PHLI resulted from an
insertion of the hygromycin-resistance cassette into the open read-
ing frame of the gene rather than a large-scale deletion or translo-
cation at the PHLI1 locus, although insertion of the construct
appears to have deleted approximately 200 additional base pairs
in the Aphl1-2 strain (Fig. 4B). Southern analysis of the two strains
confirms that the Aphli-1 and Aphli-2 strains are both disrupted
in PHL1 (Fig. 4C). However, the presence of an additional band of
approximately 6 kb in the Aphl1-2 strain likely reflects an addi-
tional, ectopic insertion of the disruption cassette. (Fig. 4C). Despite
the additional, ectopic insertion in the Aphl1-2 strain, the two mu-
tants were morphologically indistinguishable from each other
when evaluated in a wide range of culture conditions (data not
shown).

Other than nutritional requirements, the environmental condi-
tions influencing conidiation in C. zeae-maydis are poorly defined.
To determine the influence of light on conidiation, we counted
the number of spores produced by the wild type strain during
growth in constant light or darkness. During growth on V8 agar,
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Fig. 4. Disruption of PHL1. (A) Disruption of PHL1 was accomplished by inserting a
hygromycin-resistance cassette (HYGR) into the open reading frame of the gene via
homologous recombination. (B) Identification of strains disrupted in PHL1 (Aphi1)
by PCR. A size standard (1 kb DNA ladder; Invitrogen) is shown in lane 1. Two
transformants were identified with primers A1 and H3 as disrupted in PHL1 (wild
type, lane 2; Aphli-1, lane 3; Aphli-2, lane 4). Insertion of the HYGR cassette into
PHL1 was verified with primers H5 and A2 (wild type, lane 5; Aphli-1, lane 6;
Aphl1-2, lane 7). (C) Southern blot analysis of the wild type (lane 1), Aphli-1 (lane
2), and Aphli-2 (lane 3) strains. Genomic DNA was digested with EcoRV and Sacl
and probed with the hygromycin-resistance cassette. In the wild-type PHL1 locus,
digestion with EcoRV and Sacl would yield a 2089-bp fragment of DNA spanning the
disruption site; insertion of the hygromycin-resistance cassette would be predicted
to increase the size to approximately 3.5 kb. The presence of an additional
hybridizing band at approximately 6 kb in the Aphli-2 strain is likely due to the
ectopic insertion of an additional copy of the disruption cassette.

exposure to constant light resulted in dramatically reduced levels
of conidiation, whereas high levels of conidiation were observed
during growth in constant darkness. Both the Aphl1-1 and Aphli-
2 strains produced approximately five times more conidia than
wild type in constant darkness (Fig. 5). However, disruption of
PHL1 did not promote conidiation during constant light (Fig. 5),
suggesting that the repression of conidiation by constant light does
not require the function of PHL1. These observations indicate that,
although PHL1 plays some role in regulating conidiation, it does
not appear to encode a positive-acting photoreceptor required for
the perception of light.

Because light induces cercosporin biosynthesis, we evaluated
the ability of the Aphl1-1 and Aphl1-2 strains to produce cercospo-
rin in culture. When grown in constant light, wild type cultures of
C. zeae-maydis accumulate visible levels of cercosporin approxi-
mately 4 days after inoculation (Fig. 5). In strains Aphli-1 and
Aphli-2, the onset of cercosporin accumulation occurred at the
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Fig. 5. Disruption of PHL1 affects the production of conidia and cercosporin.
Production of conidia in the wild type, Aphl1-1, and Aphl1-2 strains after four days
of growth on V8 agar in constant darkness (left coordinate); cercosporin biosyn-
thesis by the wild type, Aphl1-1, and Aphl1-2 strains after seven days of growth on
0.2x PDA (right coordinate).

same time as observed for the wild type, but was consistently less
than the amount produced by the wild type strain (Fig. 5).

3.4. PHL1 is dispensable for pathogenesis

Infection of maize leaves by C. zeae-maydis occurs after conidia
deposited on leaves germinate and the emerging germ tubes form
appressoria over stomata. After penetration through stomata, colo-
nization of leaves by C. zeae-maydis results in distinctive rectangu-
lar lesions bounded by the major veins of leaves. To determine
whether PHL1 regulates aspects of development required for path-
ogenesis, we inoculated maize leaves with the wild type, Aphli-1,
and Aphl1-2 strains. All three strains aggressively infected maize
leaves and caused expanding, necrotic lesions within 14 days after
inoculation (data not shown). To evaluate fungal growth and
development during pathogenesis, we inoculated maize leaves
with the GUS reporter strains WT-GUS (wild type) and PHL1-GUS
(Aphl1-2). Both strains produced multilobed appressoria over sto-
mata within three days of inoculation (Fig. 6A and B), confirming
that PHL1 does not regulate stomatal tropism of germ tubes or

the formation of appressoria. By 12 days after inoculation, growth
of both the wild type and Aphl1 reporter was comparable (Fig. 6C
and D), resulting in the formation of necrotic lesions. From these
findings, we conclude that PHL1 does not play a significant role
in infection or colonization of host tissue.

3.5. PHL1 is required for photoreactivation and the induction of genes
involved in repairing UV-induced DNA damage

Photoreactivation, the process in which photolyases utilize light
energy to repair UV-damaged DNA, can be assessed by comparing
survival after UV exposure between cultures allowed to recover in
light versus darkness. The wild-type strain showed substantially
greater survival after exposure to UV during recovery in constant
light (Fig. 7A) compared to darkness (Fig. 7B), thus verifying that
photoreactivation occurs in C. zeae-maydis. However, survival of
the Aphll strains after UV irradiation was virtually identical
regardless of exposure to light (Fig. 7A and B) and impossible to
differentiate from wild type after recovery in darkness (Fig. 7B).
This result indicates that photoreactivation is severely reduced, if
not completely abolished, by disruption of PHLI.

Because 6-4 photoproducts constitute a relatively minor com-
ponent of UV-induced DNA damage, the dramatic reduction in
photoreactivation in the Aphli-1 and Aphl1-2 strains suggested
that PHL1 regulates the expression or activity of CPD1. To test this
possibility, we measured the expression of CPD1 in wild type,
Aphl1-1, and Aphli-2 cultures incubated in light and darkness after
UV irradiation. Before exposure to UV, the basal expression of CPD1
was substantially lower in both the Aphli-1 and Aphll-2 strains
(Table 1). After 30 min of photoreactivation, expression of CPD1
was slightly higher in the wild-type strain, whereas no induction
was observed in either the Aphli-1 or Aphl1-2 strains (Table 1).
This finding indicated that a functional copy of PHL1 is necessary
for wild-type levels of CPD1 expression.

In addition to the activities of photolyases, UV-induced DNA
damage is repaired by the activation of highly conserved signal
transduction networks, which in turn regulate repair mechanisms
such as the nucleotide excision repair (NER) pathway. To deter-

Fig. 6. PHL1 is not required for infection or colonization of host tissue. Infection of maize leaves five days after inoculation with strain GUS-WT, wild-type C. zeae-maydis
harboring a GUS reporter cassette (A), and strain phl1-1GUS, the Aphl1-1 strain harboring a GUS reporter cassette (B). Appressoria are indicated with green arrows. By 14 days
after infection, strain GUS-WT (C), and ph1-1GUS (D) both colonize leaf tissue extensively, inducing expanding, necrotic lesions characteristic of gray leaf spot.
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Fig. 7. Photoreactivation of the wild type, Aphl1-1, and Aphl1-2 strains after exposure to UV light. Dilutions of conidia from each strain were inoculated onto V8 agar [5 x 10°
(column 1), 1 x 10® (column 2), 5 x 10? (column 3), and 1 x 10? (column 4)] were exposed to UV light for 30 min and incubated in either constant light (A) or constant

darkness (B) for three days.

Table 1
Regulation of genes involved in DNA damage repair by PHL1®

Gene Before UV After photoreactivation®

WT Aphli-1 Aphl1-2 WT Aphli-1 Aphl1-2
CPD1 1.0 (0.9-1.1) 0.3 (0.2-0.4) 0.7 (0.6-0.8) 1.5 (1.3-1.7) 0.4 (0.3-0.5) 0.8 (0.7-0.9)
RAD2 1.0 (0.9-1.1) 0.4 (0.3-0.5) 0.7 (0.5-0.8) 1.4 (1.3-1.5) 1.0 (0.8-1.2) 1.1 (1.0-1.2)
RVB2 1.0 (0.9-1.1) 0.5 (0.4-0.6) 0.8 (0.7-0.9) 2.1(1.9-2.3) 0.6 (0.5-0.7) 1.0 (0.8-1.2)

¢ For each gene, expression was normalized to 18S rRNA levels and calculated as fold differences in expression relative to expression in the wild type before exposure to UV
light. Values in parentheses represent the range as calculated by evaluating the expression 2 2% with AAC, +s and AAC; — s, where s equals the standard deviation of the

AAC, value.

b After exposure to UV light, cultures were incubated in white light for 30 min to promote photoreactivation.

mine the involvement of PHL1 in regulating DNA damage repair,
we searched an EST data set (Bluhm et al., unpublished) for ortho-
logs of genes involved in various aspects of repair in C. zeae-maydis.
We identified orthologs of RAD2, a gene encoding an endonuclease
required for NER (Tomkinson et al., 1993) and RVB2, a gene encod-
ing a protein required for the resolution of Holliday junctions
formed during double-stranded break repair (West, 1997). To
determine whether PHL1 regulates either of these genes, we irradi-
ated the wild type and mutant strains with UV and measured gene
expression after recovery in constant light for 30 min. Consistent
with observations that NER is not dependent on light energy (de
Laat et al., 1999), expression of RAD2 was not strongly induced
by UV in the wild type, and transcript levels were only slightly low-
er in the Aphl1 strains (Table 1). In contrast, orthologs of RVB2 are
induced as much as fivefold by exposure to UV light (Hishida et al.,
1999). In C. zeae-maydis, we found that the basal level of RVB2
expression before UV irradiation was lower in the Aphli-1 and
Aphl1-2 strains, and the induction of the gene after exposure to
UV was reduced in the Aphl mutants (Table 1). This finding com-
bined with the dramatic reduction in photoreactivation in the
Aphl1-1 and Aphl1-2 strains indicates that PHL1 regulates at least
some aspects of light-regulated DNA-repair mechanisms.

4. Discussion

Although both 6-4 DNA photolyases and homologous crypto-
chromes have been characterized extensively in plants and ani-
mals, the molecular functions of orthologous genes in fungi are
not well defined. In this study, we demonstrate that disruption of

PHL1 in C. zeae-maydis results in developmental abnormalities,
including increased levels of conidiation and reduced levels of
cercosporin biosynthesis during growth in culture. Most signifi-
cantly, disruption of PHL1 completely abolishes photoreactivation
after exposure to UV light, indicating that PHL1 encodes either a
photolyase, a regulator of photolyase activity, or a protein with
both regulatory and DNA-repair activities. A comparative analysis
of the proteins encoded by known photolyases and cryptochromes
offers few clues as to the specific molecular function of the protein
encoded by PHL1. Cryptochromes and 6-4 photolyases are highly
similar throughout their light-harvesting and FAD-binding do-
mains, with only a relatively small (typically < 100 amino acid)
C-terminal region of the protein presumably being responsible
for the specificity of molecular function. The phylogenetic analysis
presented in this study suggests that the protein encoded by PHL1
is more similar to plant and animal cryptochromes than 6-4 pho-
tolyases. However, PHL1 and orthologous genes in other filamen-
tous fungi encode proteins that share relatively low levels of
homology in their C-termini with either cryptochromes or photol-
yases from plants and animals. In Arabidopsis, the C-termini of
cryptochromes have been established as the signaling components
of the proteins (Yang et al., 2000), and presumably the same is true
for proteins encoded by orthologous genes in fungi. However, in
order to fully understand the roles of proteins encoded by fungal
cryptochrome/6-4 photolyase genes, functional analyses of C-ter-
minal regions need to be performed.

Consistent with its homology to known photolyases, the protein
encoded by PHLI is required for photoreactivation after exposure
to UV light. However, at least two lines of evidence support the
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conclusion that PHL1 regulates broader aspects of DNA repair after
exposure to UV. First, UV-induced lesions are predominantly CPD
photoproducts, with 6-4 photoproducts comprising a compara-
tively minor class of DNA damage (Douki and Cadet, 2001). How-
ever, the molecular mechanism through which CPD expression is
induced in response to UV is not known. In Fusarium oxysporum,
the CPD photolyase encoded by PHR1 plays a major role in photo-
reactivation after UV irradiation, and expression of PHR1 is induced
by light through an unknown mechanism (Alejandre-Duran et al.,
2003). PHR1, a gene from Trichoderma atroviride encoding a CPD
photolyase, was recently demonstrated to regulate its own expres-
sion in a light-dependent manner (Berrocal-Tito et al., 2007), and
genetic evidence indicates that its expression is also regulated by
blr-1 and blr-2, orthologs of wc-1 and wc-2 from N. crassa
(Casas-Flores et al., 2004). Induction of CPD1, the CPD photoly-
ase-encoding gene of C. zeae-maydis identified in this study, is im-
paired in the Aphli-1 and Aphli-2 strains, thus supporting the
hypothesis that PHL1 globally regulates photolyase-dependent
DNA repair. Additionally, disruption of PHL1 negatively affects
the expression of at least two other genes involved in repairing
DNA damage. Together, these observations indicate that PHL1 en-
codes either a photoreceptor, a regulator of light-dependent gene
expression, or a multi-functional enzyme involved in both DNA re-
pair and signal transduction. Although cryptochromes in plants
and animals possess signaling functions exclusively (Lin and Todo,
2005), members of the fungal cryptochrome/6-4 photolyase family
have evolved separately from their plant and animal counterparts
and could participate in novel signaling mechanisms. Alternatively,
fungal members of the cryptochrome/6-4 photolyase family may
represent evolutionary intermediates between UV-repair enzymes
and photosensory regulators of gene expression. To resolve this
uncertainty, future research will focus on identifying genes regu-
lated by PHL1 and defining molecular mechanisms through which
PHL1 functions in signaling pathways.

Although PHL1 appears to play a role in the regulation of cerco-
sporin biosynthesis, its exact function is not clear. The induction of
cercosporin biosynthesis by light presumably requires the activity
of an as-yet undiscovered photoreceptor. The induction of cerco-
sporin biosynthesis is intact in the Aphl strains, suggesting that
PHL1 does not perform an inductive function or that the induction
of cercosporin biosynthesis by light occurs through multiple and at
least partially redundant signaling pathways. At least two scenar-
ios can be proposed to explain this observation. One possibility is
that the regulation of cercosporin biosynthesis by light results
from complex interactions between multiple wavelengths of light.
Among filamentous fungi, several distinct classes of photorecep-
tors have been identified, including the blue-light-responsive
White collar regulatory complex and the red-light-responsive phy-
tochromes (Herrera-Estrella and Horwitz, 2007). If the protein en-
coded by PHL1 functions as a photoreceptor or exhibits a
photosensory regulatory function, it may interact with other clas-
ses of photoreceptors to regulate cercosporin biosynthesis. Another
possibility is that the protein encoded by PHLI functions either
alone or in association with a regulatory complex to regulate signal
transduction pathways that integrate inputs from multiple envi-
ronmental stimuli. Future characterization of molecular mecha-
nisms through which PHL1 regulates secondary metabolism and
fungal development should provide the answer to at least some
of these questions.

In summary, we present evidence that the protein encoded by
PHL1 of C. zeae-maydis is an important component of photoreacti-
vation after exposure to UV light and plays a minor role in other
light-dependent processes, including conidiation and cercosporin
biosynthesis. Our findings present the strongest evidence to date
that fungal members of the cryptochrome/6-4 photolyase family
exhibit photosensory regulatory functions. However, the exact

molecular function of PHL1 is unclear; whether it functions as a
photolyase, photoreceptor, or some combination of the two re-
mains to be determined.
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